This paper presents a general model for coupled solute and water flow through plant roots based on the thermodynamics of irreversible processes. The model explains in a straightforward manner such experimentally observed phenomena as changes in root resistance, increased solute flux, and apparent negative resistance, which have been reported for root systems under the influence of a hydrostatic pressure gradient. These apparent anomalies are explained on the basis of the interaction between the osmotic and hydrostatic driving forces and the well known "sweeping away" or dilution effect. We show that with a constant hydraulic conductivity the only features necessary to explain these phenomena are some type of membrane or membranelike structure and a mechanism for actively accumulating solutes.
A recurring problem in plant-water relations research in recent years has been the apparent change in resistance to water flow through root systems with changes in transpiration rate or applied hydrostatic pressure. These changes are not observed by all workers nor do they appear to occur in all species studied (2) . Also, most of the apparent changes were observed at relatively low rates of transpiration.
Most of the early work was aimed at elucidating the influence of water flow on the rates of salt uptake and transport to the shoot. Russell and Barbar (12), Brouwer (1) , and Kramer (8) all review the early literature on this subject. In this paper, we will confine ourselves to consideration of the interaction of solute and water transport in detached root systems and the consequent nonlinear relationship between water flow and driving force. As far as we are aware, only two laboratories have produced sufficient relevant data that bear directly on this question and for this reason we will draw heavily from the experiments of Lopushinsky (9, 10) and Mees and Weatherley (11) . They both demonstrated clearly that under the influence of an applied hydrostatic pressure gradient the resistance to water flow in detopped tomato root systems did change. The relationship between applied pressure and flow rate was nonlinear to the extent that there were changes of from 5-to 20 -fold in the slope of the force-flux curve over a pressure range of only 2 bars.
Thus far, no adequate explanation has been advanced to account for these changes in root resistance. This paper, using a simple membrane system, demonstrates changes in water conductivity with increasing hydrostatic pressure without any actual change in the hydraulic conductivity coefficient. It is proposed that a similar system, if operating in a root, would produce many of the effects which have been observed.
MATERIALS AND METHODS
Consider, in Figure 1 , a simple semipermeable membrane of unit area separating two compartments. The outside compartment (superscript o) is very large and well stirred throughout, while the inside compartment (superscript i) is also well stirred but limited in size. Although limited in size, the inside compartment is open-ended so that water flow through the membrane is unconstrained by any back pressure. The membrane is assumed to be rigid, capable of moving solutes against a potential gradient, and for the present, totally impermeable to solutes (reflection coefficient a = 1, and solute permeability w = 0). The actual mechanism of solute accumulation is unimportant for our purposes, but we do assume throughout that it operates at a constant rate and is unaffected by volume flow, applied pressure, or internal or external solute concentrations. We further specify that there is only one solute species present, and since we do not include electrical forces, it is assumed to be a nonelectrolyte.
In the absence of a hydrostatic pressure gradient (PI = pi), such a system will develop a steady state concentration difference between the inside and outside compartments and water will flow across the membrane in response to this gradient. Assuming ideality of the solutions, the osmotic pressure on the inside will be 1ri = RTCi (1) where R is the gas constant in ml atm deg-' mole-', T is the absolute temperature, and Ci is the internal concentration in mole cm-'. At the steady state it is clear that Ci is dependent on the ratio of the entry rates of the solutes and water, and we may write ci = Js/J.
(2) where J, and JU. are the solute and water fluxes, respectively.
Since the membrane is ideal, the only solute flux will be active and we may replace Js with an active uptake term JS* in mole cm-2 sec-'. We may also assume that the water flow J,, is equal to the totol flow of volume J, in cm sec-l. Thus we have
The volume flow in our system, when subjected to both osmotic and hydrostatic pressure gradients, is 'This work was supported by National Science Foundation Grant GB-36643.
Again, assuming ideal solutions and substituting from equation (6) which is easily solved for J,. by the quadratic formula.
For much of our discussion, however, it will be more convenient to use equation 5 (8) ent resistance is made up of two components. The first part, which depends only on the hydraulic conductivity coefficient, remains constant with flow, while the second part decreases with the inverse square of the flow rate. The over-all effect is shown in Figure 2 , where the effect of the variable term in equation 8 is clarified. As J, increases, the variable term tends to disappear and the apparent resistance approaches the limiting value of 1 /Lp. At relatively high flow rates, the apparent resistance approaches a value consistent with the irreversible thermodynamic relationship between straight and inverse coefficients in a system consisting of only one flow and its conjugate force (i.e., Ri = 1/Li).
The inset in Figure 2 is redrawn from Lopushinsky (9) and clearly illustrates the similarities between his experimental data and our theoretical curves. Flow and concentration units are not specified in the inset because the original units were not given in terms of absorbing area and are not directly comparable in magnitude. However, there are a number of very interesting points of comparison.
Both curves indicate a positive flow rate at AZP = 0. This is, of course, the well known phenomenon of root pressure exudation. When external pressure is applied to the system, we see that in both cases the apparent resistance is initially high but that it gradually decreases to what appears to be a nearly constant value. If our theory is correct, or nearly so, we can expect the limiting slopes of these lines to have the value 1 /Lp.
Comparison of the concentration curves is also interesting in that in both cases the internal concentration, or osmotic pressure, is above ambient at AP = 0. Increased flow through the application of pressure brings about a decrease of Ci below ambient concentrations and appears to approach some limiting value. In the case of our simple system that limiting value would be zero at infinite pressure. It is possible, although unlikely, that Lopushinsky's curve approaches that same limit. In any case, C' in his experiments dropped to approximately 10%c of Co at a pressure of 2 atm, whereas our curve drops to 10', at about 2.5 atm AP. Also, Mees and Weatherley (11) reported that the concentration of the pressure exudate from their tomtato root systems often fell to a small fraction of the external medium. The actual numerical values are unimportant for our purposes, and 6 clearly shows that in the system under consideration volume flow is nonlinear with respect to AP. However, of much greater interest is equation 8 it is sufficient to observe that flow increases in a nonlinear manner and that Ci > Co at low J, and Ci << Co at high J,.
It is clear from Figure 2 and equation 5 that the cause of the nonlinear response of water flow with respect to pressure is due simply to the decrease of one driving force (tAir) with increases in the other (AP). This point is further illustrated in Figure 3 . Here we show the total inwardly directed driving force acting on the membrane as a function of the applied external pressure. This relationship is shown at two levels of external osmotic pressure and three levels of hydraulic conductivity. The Another interesting feature of our system is shown in Figure 6 where we see the effects of 7r°on 7ri and J, (11) in their early work, where they observed the occurrence not only of a nonlinear flow with respect to pressure, but also with respect to the total inwardly directed driving force. They suggested that part of this effect may have been due to the differences between the osmotic and hydrostatic permeabilities to water and that a given gradient of osmotic pressure might not be as effective in moving water as an equal gradient of hydrostatic pressure. This is essentially the effect produced by membranes that are less than ideally semipermeable and is presently described by the reflection coefficient o'. Obviously, our ideal system is inadequate to explain these observations, so it was necessary to modify our initial equations to account for the nonideal behavior.
When the membrane is less than ideal, equation 3 is no longer precise. In addition to the active component of uptake Jr*, the total flux consists of two additional terms, a diffusive and a drag component. For such a system, we may write after Katchalsky and Curran (4) for the total solute flux Js = C,(l -)J + Cwor + Js* (9) where C, is the "average concentration" on both sides of the membrane, o-is the reflection coefficient having values 0 < a' < 1, w is the coefficient of solute permeability, and the other terms are as before. The first term on the right represents the solute flux caused by the solvent drag or entrainment effect where solute molecules or ions are carried along with the flow of water. The second term is purely diffusive in nature, and the third term is dependent on metabolic energy. Considering an actively exuding root system in the absence of applied pressure, at the steady state we usually find that the concentration of the xylem exudate is significantly higher than the external medium. In this case, it is clear that the diffusive term will tend to drive solutes through the membrane toward the outside, and it is also clear that the inwardly directed solute fluxes predominate. A full discussion of the influence of the diffusive term on the total solute flux is beyond the scope of this paper, but the appropriate equations are presented in the appendix. Our calculations (unpublished) The greater the deviation of C", C' from unity the larger will be the error in the approximation. We have determined that for 0.3 < Co C' < 3, the approximating error does not exceed 106-C in the direction that the approximation is larger than the actual value of C,. Accepting this approximation as adequate, we may insert equation 10 into equation 2 and solve for C' (1 + 0)J,2 (15) which is the same as equation 8 except that it contains a correction for the solvent drag effect. To answer our question of whether the reflection coefficient could account for the apparent anomalous behavior observed by Mees and Weatherley (11), we generated flow curves using equations 13 and 14 at various levels of a. The relationship between flow rate and the total inwardly directed driving force (Fig. 8) is obviously strongly dependent on the reflection coefficient. We can see that for ideal membranes (a = 1) the relationship is a straight line, as before, but as the selectivity decreases the nonlinearity increases, and we eventually arrive at a situation where the force-flux relationship takes on a negative slope at low flow rates. This apparent "negative resistance" region is simply the result of two changing differentially effective driving forces. We see, therefore, that it is possible to explain the apparent "negative resistance," effect in a straightforward manner and the data of Mees and Weatherley (11) are not anomalous after all.
It should also be noted that the horizontal lines in Figure 8 connect points of equal hydrostatic pressure, and it is of interest that at constant pressure, a change of a has relatively little effect on flow rate. In fact, a change in a' may result in an increase or decrease of flow rate.
Another property of our nonideal system that is often noted in plant root systems is the increase in solute flux with increases in flow or applied pressure. The results of calculations of solute flux rates with pressure, using equations 2, 13, and 14 are shown ( 1 1) in Figure 9 . Since we have assumed in these calculations that Lp and J,* are constant, the increase in solute flux with pressure can only be the result of the solvent drag effect. This is not to say that increases in J,* with pressure or flow are not possible, only that they are not necessary to explain increased solute flux in our system. Further, examination of the assumptions used in arriving at equation 10 reveals that we should expect an increase in the total solute flux J8 on a purely physical basis. This increase in J, results from the diffusive term w which we ignored in writing equation 10 . The effect of w, as we noted earlier, is that at low flow rates the osmotic gradient is negative in the direction of volume flow and tends to reduce J-. However, at higher pressures where the dilution effect is sufficient to reduce Ci below ambient, the effect of the diffusive term progresses from loss through zero, to additive. The net result of this would be to increase solute flux at moderate and high flow rates somewhat more than our present calculations would predict. In both the cases of diffusion induced decreases in J8 at low flow rates, and increases in J. at higher flow rates, the effect of w should be more pronounced in relatively coarse less selective membranes because of the relationship between a-and cw (5 Plant Physiol. Vol. 55, 1975 situation in a terminal root segment, but the flat membrane geometry may be used as an approximation to more complex root systems, especially if the basal regions are much less conductive than the apical regions. In this case, the membrane properties could not be thought of as uniformly distributed across the conductive areas, and measured values of Lp, O', and Js* would necessarily reflect some type of "average" conditions.
We have dealt only with nonelectrolyte uptake in this paper and have not tried to simulate a root or root system. It has been our intent only to demonstrate in general terms a possible cause of apparent anomalies in the force-flux relationships of some root systems. This fact is obviously another shortcoming of the model along with the fact that we have considered JS* insensitive to external concentrations, which we also know is not accurate, especially in the range of 7r < 1 atm.
Regardless of these shortcomings, we feel that the model system presented is sufficiently based on fact and consistent with enough experimental data to warrant its further consideration as a general model for coupled solute and water flow through plant roots.
APPENDIX
To arrive at an expression containing the effects of all three solute flux terms-active, drag, and diffusive we may start from equation 9 of the text. We accept the approximation of C8 (equation 12) and will treat co as a measurable quantity even though it does contain a buried Cs term. We therefore write from equation 9 =C + Ci (1 - 
